Abstract-Droplet generating in an immiscible liquid is the core technology of the droplet based biochemistry analysis. A new method, not based on micro-fluidic chip, is here proposed to produce micro scale aqueous phase droplets in oil phase liquid. The principle of the droplet generator is to actuate a hollow PZT stack by a signal generator and a voltage amplification to provide an enough pulse inertia force for a glass micro-nozzle and aqueous phase liquid inside to eject droplets. The minimum diameter of the produced spherical droplets is below 10 μm, which is below 1 pL. The range of droplets formation frequency is 2 Hz~50 Hz. A fused silica capillary is used to store the produced droplets by a designed low-pressure suction apparatus and the distance between the neighboring droplets is controlled by the low-pressure value. The proposed method in this article may be a promising approach for droplet-based single cell encapsulating and analyzing.
I. INTRODUCTION
Droplet-based microfluidic systems provide many new methods to perform reactions on a small scale [1] . Applications of these methods include chemical and biochemical screening, synthesis of particles [2] , dynamic behavior analysis of single cells [3] , directed evolution of enzymes [4] , protein crystallization, polymerase chain reaction and analysis of gene expression [5] by encapsulating cells or different reagents in droplets with their volumes ranging from the nano-to femtoliter and the droplets usually is water-in-oil droplets, in which "water" is referred as dispersed phase while "oil" is referred as continuous phase. A variety of different droplet formation techniques have been developed, mainly including Channel-geometry-driven [6] , Shear-flow-driven and Electro-driving. In shear-flow-driven droplet generation, the shearing force of one flowing fluid against another is used to form droplets. Three main types of shear-flow-driven droplet generation exist: T-junction [7] , flow focusing [8] and Co-flowing [9] . In the above three shear-flow-driven droplet generators, the fluids are usually driven by syringe pumps and the sizes of the droplets can be changed by altering the fluid flow rates, the channel widths, or by changing the relative viscosity between the two phases. In electro-driven droplet generation [10] , [11] , electrodes are integrated into microdevices to provide electronical control over droplet formation. The great majority of the above microfluidic devices, as found in the literature, are based on micro-fluidic chip which is fabricated by standard soft lithography technique.
Different from all of the above types of droplet formation techniques, this work is to develop a new method to generate and store water-in-oil picoliter droplets actuated by microfluidic pulse inertia force based on Technology of Micro-Fluidics Digitalization [12] .
II. EXPERIMENT
As is shown in Fig. 1 , an apparatus for dispensing and storing aqueous phase droplets in an oil phase liquid based on microfluidic pulse inertia force was established. The micro-nozzle is clamped by a nozzle holder, which is fixed with the right face of the hollow PZT stack actuator (WTYDCR, CETC) through connector A while the left face is fixed with a three-dimension adjusting frame and kept stationary through connector B. The hollow PZT stack actuator is constructed of several disc-shaped piezoelectric ceramic pieces, the thickness of which is in the range of 0.02 mm to 1 mm. There is an approximate linearity between applied voltage amplitude and the right face displacement of the actuator. So, the actuator will cause a larger displacement instantaneously and consequently provide a greater pulse inertia force for the nozzle and aqueous phase liquid inside when being applied a higher pulse driving voltage.
Glass material was chosed to make the micro-nozzle because of several advantages, such as good chemical resistance, low friction, easy to manufacture and low cost. The raw material is borosilicate glass capillary (Beijing Zhengtianyi Scientific And Trading Co., Ltd.). The dimensions of glass capillary are 1.6 mm, 1.0 mm and 100 mm in external diameter, internal diameter and length, respectively. Glass heating process was adopted to fabricate the micro-nozzle without complicated microfabrication technologyd can be divided into two steps: 1) pulling a capillary to form a micro-nozzle with straight outlet and 2) forging the straight outlet to form a shrinkage one. The detail fabrication process for the micro-nozzle was presented in literature [13] . The micro-nozzles with different outlet The micro-nozzle inhaled a certain amount of aqueous phase liquid by capillary action or small negative pressure in the micro-nozzle produced by a pressure regulator. The micro-nozzle orifice is immersed in the oil phase liquid in a watch glass, which is placed on the stage of a chatelier-type microscope (TS-100, Nikon). A fused silica capillary (China Reafine Chromatography LTD.) clamped by holder B is used to store the generated droplets. As is shown in Fig. 3 , the fused silica capillary is interconnected with a pressure tank through a PTFE tube. The low air pressure is produced by an air pump and precisely controlled by a pressure gauge.
The inner surface of the fused silica capillaries is hydrophobized with aqueous solution of 1% fluoroalkyl silane to prevent the generated droplets from adhering to the capillaries. The following procedures are experimentally feasible. Firstly, wash the fused silica capillaries with alcohol and dry them in an electric oven (DHG, Shanghai Jingmai Instruments Equipment Co., LTD). The temperature of 100℃ was s adopted in the experiment and the temperature holding time is 20 min. Secondly, filled the capillaries with aqueous solution of 1% fluoroalkyl silane using a syringe and dry them in the oven twice. The temperatures of the two drying process were set as 50℃ and 110℃ respectively with the same holding time of 20 min. The lower temperature of 50℃ was firstly adopted to prevent forming fluoroalkyl silane bulge films in the inner surface of the fused silica capillaries.
In the experiment, deionized water was used as aqueous phase liquid and mineral oil (M5904, American Sigma-Aldrich Company) was used as oil phase liquid. The mineral oil was added with 10% span 80, a kind of surfactant, to prevent the generated deionized water droplets from being fused.
III. RESULTS AND DISCUSSION
As shown in Fig. 4 , the deionized water droplets were ejected from the micro-nozzle with outlet diameter of 30 μm by microfluidic pulse inertia force in the mineral oil environment. A droplet will be produced in a pulse driving period. In other words, the droplet formation frequency is equal to the frequency of driving signal. The generated droplets were inhaled into the fused silica capillary successively at equal distance by the low air pressure in it produced by the low-pressure suction apparatus recorded by the chatelier-type microscope (TS-100, Nikon) and the CCD camera (WV-CP230/G, Panasonic). The distance between the neighboring droplets can be controlled by varying value of negative pressure. The size of the droplets, which is characterized by the diameter of the spherical shape, can be controlled by the pulse inertia force, which is determined by outlet diameter of the micro-nozzle and shape, frequency, amplitude of the applied pulse voltage on the hollow PZT stack actuator. The dependence of deionized water droplet size on voltage amplitude for different diameters of nozzle outlet is shown in Fig. 5 . The frequency of the applied voltage is set as a lower value of 2 Hz. Each data point is an average of ten measurements. The hollow PZT stack actuator causes a larger displacement instantaneously and consequently provides greater pulse inertia force for the micro-nozzle and aqueous phase liquid inside when being applied a higher driving voltage. So, deionized water droplets will be ejected and the droplet size increased with the increase of voltage amplitude. If the voltage is lower in magnitude, deionized water droplets won't be ejected when the micro-nozzle size is relatively small. For instance, the minimum voltage to eject droplets is 30 V and 20 V for nozzle orifice diameters of 10 μm and 20 μm respectively. On the other hand, when the voltage amplitude is relatively high, the inertia force was big enough to eject more mass of aqueous phase liquid, thus forming satellite droplets. For instance, the maximum voltage to stably eject droplets without satellite droplets is 50 V when the nozzle orifice diameter is 60 μm. The satellite droplets are shown in Fig. 6 . As is shown in Fig. 7 , the droplet size decreased with the increase of the voltage frequency under different voltages. However, when the voltage frequency is above 30 Hz, the droplets cannot be generated with the voltage amplitudes of 70 V. The reason is that it needs time for PZT stack actuator to response to the driving voltage signal. If the voltage amplitude is too high, the actuator will produce a larger displacement and the response time is relatively long, which will cause interference between the neighboring driving voltage periods and the produced pulse inertia force is not big enough to form droplets.
The average diameter of these spherical droplets in Fig. 4 is about 25 μm and their shape and size have a good consistent in the condition of outlet diameter of the micro-nozzle 30 μm, voltage frequency 2 Hz, voltage amplitude 30 V and negative pressure value 5 kPa. The distance between the neighboring droplets is about 160 μm. The droplets with different sizes and different distances between the neighboring droplets are stored in silica capillaries, as is shown in Fig. 8 . The droplet sizes are 10 μm, 10μm, 20 μm and 50 μm and average distances between the neighboring droplets are100 μm, 80 μm, 30 μm and 100 μm respectively. 
IV. CONCLUSION
We have presented a new method of producing micro scale aqueous phase droplets in oil phase liquid actuated by microfluidic pulse inertia force and the generated droplets are stored in a fused silica capillary by a designed low-pressure suction apparatus. In the process of the droplet formation, the droplet size can be easily changed by changing any one of the micro-nozzle outlet diameter and the shape, frequency, amplitude of the applied pulse voltage. The minimum diameter of these produced spherical droplets is below 10 μm and the maximum diameter is above 70 μm as well. The droplet formation frequency is equal to the frequency of driving signal applied on the PZT stack actuator and should be set below 50 Hz to avoid satellite droplets. The experiment result suggests that our method may be applied in droplet-based single cell encapsulating and analyzing.
